J Wood Sci (2007) 53:442-448 
DOI 10.1007/sl0086-007-0879-7 


© The Japan Wood Research Society 2007 


ORIGINAL ARTICLE 


Kengo Ishimaru • Toshimitsu Hata • Paul Bronsveld 
Takashi Nishizawa • Yuji Imamura 

Characterization of sp 2 - and sp 3 -bonded carbon in wood charcoal 


Received: October 19, 2006 / Accepted: January 15, 2007 / Published online: July 9, 2007 


Abstract Japanese cedar (Cryptomeria japonica) preheated 
at 700°C was subsequently heated to 1800°C and character¬ 
ized by electron microscopy, X-ray diffraction, and micro- 
Raman spectroscopy. The degree of disorder of carbon 
crystallites and the amount of amorphous phase decreased 
considerably with an increase in heat treatment tempera¬ 
ture to 1400°C, while carbon crystallites clearly developed 
above this temperature, showing that the microstructure of 
carbonized wood undergoes drastic changes around 1400°C. 

r\ 

Besides showing the bands for sp -bonded carbon, the 
Raman spectra showed a shoulder near 1100 cm” assigned 
to sp -bonded carbon. With an increase of heat treatment 
temperature, the peak position of the Raman sp 3 band 
shifted to a lower frequency from 1190 to 1120 cm” 1 , which 
is due to the transformation of sp 3 -bonded carbon from an 
amorphous phase to a nanocrystalline phase. These data 
showed that the microstructure of carbonized wood from 
700° to 1800°C consisted of the combination of sp 2 - and 
sp'-bonded carbon, which is probably due to the disordered 
microstructure of carbonized wood. It is suggested that the 
sp 3 -bonded carbon is transformed from an amorphous 
structure to a nanocrystalline structure with the growth of 
polyaromatic stacks at temperatures above 1400°C. 
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Introduction 

Carbon materials are classified in terms of their graphite- 
related and diamond-related carbon structures. The former 
is composed of stacking hexagonal carbon layers based on 
sp -bonded carbon atoms; the latter consists of sp -bonded 
carbon atoms involved in a tetrahedral bonding geometry. 
The microstructure of graphite-related carbon materials 
consists mainly of carbon crystallites, cross-linking between 
them, and oxygen-containing functional groups. It is sug¬ 
gested that the carbon crystallites are combined by cross¬ 
linkings such as sp'-bonded carbons. 1,2 We have previously 
reported that the sp 3 -bonded carbon such as nanodiamond 
in addition to sp 2 -bonded carbon are formed in wood during 
the carbonization process. 3 The qualification of sp 3 -bonded 
carbon in carbonized wood has, however, been rarely 
discussed. 

The physicochemical properties of carbon materials 
are dominated by the nature of the microstructure. 
Without detailed microstructural knowledge, optimization 
of the processing and properties of wood-based carbon 
materials is extremely difficult. The recent developments 
in wood-based carbon materials provide new application 
fields for the new functions of carbonized wood such 
as catalytic graphitization and SiC composites, while at 
the same time demonstrating the necessity of finding a way 
to control its microstructure. 4 ” 7 The further development 
of various wood-based carbon materials requires that 
the carbonization process of wood and the formation 
mechanism of the microstructure in carbonized wood be 
sufficiently clarified, and that their microstructure on 
the nanoscale be fully controlled. However, there are 
few studies of the microstructural changes in carbonized 
wood that accompany the completion of carbonization 
at heat treatment temperature between 1000° and 
2000°C. 5,8 ' 12 

In the present study, the structural changes of sp 2 - and 
sp'-bonded carbon in carbonized wood with an increase of 
heat treatment temperature from 700° to 1800°C were char¬ 
acterized in detail by transmission electron microscopy 
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(TEM), X-ray diffraction (XRD), and micro-Raman 
spectroscopy. 


Experimental 

Wooden blocks of Japanese cedar (Cryptomeria japonica ) 
with dimensions of approximately 20 (L) x 12 (R) x 12 (T) 
mm and organosolve lignin powder (passing 200 mesh, Al- 
cell Technologies) dried at 105°C for 24 h were heated to 
700°C with a heating rate of 4°C/min in a laboratory-scale 
electric furnace. The temperature was kept constant for 1 h 
in a N 2 gas flow and then cooled to room temperature. After 
putting the sample heated at 700°C in a graphite mold, it 
was heated from room temperature to target temperatures 
of 1200°, 1400°, 1600°, and 1800°C at a heating rate of 
15°C/min and the temperature kept constant for 30min in 
a current-heating device (Plasman, SS Alloy, Hiroshima) 
under vacuum. 7 Lignin powder preheated at 700°C was 
heated to only 1800°C. An electric current was applied di¬ 
rectly to the sample through a graphite die. 

Crystalline phase characterization was conducted by 
conventional X-ray diffraction techniques (RINT-ultraX18 
diffractometer) on samples using 40kV/150mA CuKa ra¬ 
diation. TEM samples were powdered by hand in an agate 
mortar. The powder was dispersed in isopropyl alcohol, 
which was spread over a lacy carbon grid for observation in 
a Jeol JEM-200EXII microscope operating at 100 kV. 

Raman spectra of the carbonized samples were recorded 
at room temperature with a Renishaw inVia Raman spec¬ 
troscope equipped with an air-cooled CCD detector. An 
argon laser (A = 514.5 nm) was adopted as an excitation 
source and was focused to approximately 1 pm in diameter 
at a power of less than lmW at the sample surface. The 
Raman spectra were recorded more than three times for 
each analysis point in order to check sample damage by 
laser irradiation and at three different points on a sample 
under the same measuring condition to avoid spurious 
changes in spectral intensities. All Raman spectra were 
measured in the 1000-1800 cm -1 zone and fitted using five 
Gaussian/Lorentzian curves. The wavenumber was cali¬ 
brated using the 520 cm -1 line of a silicon wafer. 


Results and discussion 

From TEM observation of the cell wall sections of wood 
carbonized at 700° and 1800°C, the predominant micro¬ 
structure had a turbostratic nature that showed random 
orientation of the carbon crystallites. In this article, we 
first discuss the microstructural change of wood carbonized 
from 700° to 1800°C according to observations made by 
TEM. Figure 1 depicts several 002 dark field (DF) TEM 
images of carbonized samples heat-treated at different tem¬ 
peratures. At 700°C, at the early stage of carbonization, the 
sample has a turbostratic nature, as was observed by 
Huttepain and Oberlin. 13 The 002 DF image (Fig. la) shows 
many small bright domains attributed to microcarbon crys- 
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tallites made of layers of hexagonal sp -bonded carbon. 
The degree of order in carbon crystallites was low and there 
was no trace of any preferential orientation in the sample. 
In the 002 DF images obtained at 1200° and 1400°C, clusters 
made of a few bright domains were scattered among small 
bright dots as shown in Fig. lb, c. At 1600°C, many clusters 
of bright domains of carbon crystallites are observed in the 
002 DF image (Fig. Id). At 1800°C, the large clusters of 
carbon crystallites were dominant in the sample (Fig. le). 
Thus, it is obvious that the carbon crystallites grow remark¬ 
ably at temperatures over 1400°C. 

XRD patterns of carbonized wood are shown in Fig. 2. 
Diffraction from the 002 planes {20- 26°), the overlapping 
100 and 004 planes {20- 43°), and the 110 planes {20- 80°) 
clearly improved with increasing heat treatment tempera¬ 
ture (HTT), which is typical of turbostratic carbon. The full 
width half maximum (FWHM) values of the XRD 002 and 
110 peaks of carbonized wood are shown in Fig. 3. The 
FWHM values of the XRD 002 and 110 peaks were ex¬ 
tracted by Gaussian peaks from the linear-subtracted XRD 
profiles. 10 The average carbon crystallite thickness (L c ) and 
the average hexagonal carbon layer diameter (L a ) increased 
with the decrease of the value of the FWHM of the XRD 
002 and 110 peaks, respectively. ’ ’ A significant decrease 
of the FWHM of the XRD 002 peak above 1400°C demon¬ 
strates increased carbon crystallite thickness. On the other 
hand, the lateral growth of the hexagonal carbon layer is 
represented by the decreasing FWHM of the XRD 110 
peak below 1400°C. Thus, the XRD results prove the hex¬ 
agonal carbon layer in carbon crystallites grows in its lateral 
direction mainly below 1400°C and then the stacking planes 
in the carbon crystallites increase significantly in the tem¬ 
perature range of 1400° to 1800°C. 

The carbon structure was also characterized by micro- 
Raman spectroscopy. Figure 4 shows the Raman spectra 
in the range of 1000-1800 cm -1 and 900-1300 cm -1 . 12 Two 
Raman bands for carbonized samples were distinctive 
at 1345-1355 cm -1 and 1585-1600 cm -1 , corresponding to 

r\ 

the in-plane vibrations of sp -bonded carbon with structural 
imperfections (D band for disorder) and the in-plane 
vibrations of sp 2 -bonded crystalline carbon (G band for 
graphite), respectively. 16 Peaks for a D' band at 1620cm -1 
and for a D" band in the range 1500-1550 cm -1 were 
also detected in the Raman spectra. The D" band around 
1500-1550 cm - is associated with an amorphous sp -bonded 
carbon. 17 

The FWHM of the Raman G band for carbonaceous 
materials was used as a parameter for the estimation of the 
degree of development of carbon crystallites; - it becomes 
narrower with the development of carbon crystallites in 
carbonaceous materials. Figure 5 shows the FWHM of the 
Raman G band of carbonized wood, which decreases above 
1400°C. On the other hand, the FWHM of the Raman D 
band, which is related to the degree of disorder of carbon 
crystallites, also decreased with increased degree of order 
as shown in Fig. 6. 17,20 The FWHM of the Raman D band 
decreased with an increase in HTT up to 1400°C. This is 
due to an increase in the degree of order of carbon crystal¬ 
lites in this HTT range. 
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Fig. la-e. 002 Dark field (DF) 
transmission electron 
microscopy (TEM) images of 
carbonized wood: a 700°C, b 
1200°C, c 1400°C, d 1600°C, and 
e1800°C 



Often the intensity ratio of the D" and G bands (/ D V/ G ) 
is used as a parameter for carbonization. 1721 The relative 
intensity of the D" band to the G band decreased remark¬ 
ably with increasing HTT up to 1400°C (Fig. 7). It shows 
the reduction of the amorphous phase for sp 2 -bonded car¬ 
bon in this HTT range. 

The degree of disorder in carbon crystallites and the 
amount of the amorphous phase for sp 2 -bonded carbons 


decreased significantly up to 1400°C. The amorphous phase 

r\ 

for sp -bonded carbon is related to the cross-linking that is 
an obstacle to the coherent ordering of carbon crystallites. 
Therefore, the decrease of the amorphous phase for sp 2 - 
bonded carbon allowed the coherent ordering of carbon 
crystallites in this temperature range. On the other hand, 
carbon crystallites for sp 2 -bonded carbon grew clearly above 
1400°C. This could be due to the decomposition of the 


445 


( 002 ) 



9-i 



co 

0 

0 

i— 

CD 

0 

0 

0 

0 

CL 

Q 

CL 

X 


7- 

6 - 

5- 


O 



4- 


O 



-r-//—r- 

700 1200 


■ 002 
o 110 


O 


o 


o 


1400 1600 1800 

HTT(°C) 


Fig. 3. Full width half maximum (FWHM) of XRD 002 and 110 peaks 
for carbonized wood. HTT, heat treatment temperature 


cross-links between polyaromatic stacks of ether-type oxy¬ 
gen, amorphous sp 2 -bonded carbon, and sp 3 -bonded car¬ 
bon. Thus, the microstructure of carbonized wood changes 
drastically at around 1400°C. 

In addition to these four peaks, the Raman spectra of 
carbonized wood showed a shoulder or small peak in the 
range 1120-1190 cm -1 as depicted in Fig. 4b, which is as- 
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Fig. 4a, b. Raman spectra of carbonized wood for a 1000-1800 cm 
and b 900-1300 cm -1 . Parts of the Raman spectra (700° and 1800°C) are 
from Ishimaru et al. 12 


signed to carbon atoms with sp 3 -bonded carbon. 18,22 26 In an 
expansion of the range from 900 to 1300cm - from Fig. 4a, 

-i 

Fig. 4b illustrates the extra contribution near 1100 cm - . 

Figure 8 shows the intensity ratio of the sp" and G bands 
(/ sp3 // G ) for the heat-treated samples. The relative intensity 
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Fig. 5. FWHM of Raman G band for carbonized wood 


Fig. 7. Peak intensity ratio between Raman D"and G band for carbon¬ 
ized wood 
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Fig. 6. FWHM of Raman D band for carbonized wood 


Fig. 8. Peak intensity ratio between Raman sp 1 and G band for carbon¬ 
ized wood 


of the sp 3 band to the G band decreased up to 1400°C. From 
1400° to 1800°C, an intensity in the sp" band was observed 
that shows the existence of sp"-bonded carbon in carbon¬ 
ized wood. 

At 700°C, the / sp3 // G value of carbonized wood showed 
the highest of all HTTs. It has been reported that nanodia¬ 
mond is formed in wood carbonized at 700°C. 3 However, 
no peak assigned to the crystalline phase of sp -bonded 
carbon was detected in XRD patterns, as shown in Fig. 2. 
Therefore, at 700°C, it is considered that most sp -bonded 
carbon in carbonized wood is in an amorphous phase with 
a small amount in a nanocrystalline phase. 

In the Raman spectra of carbonized wood, the shape of 
a shoulder or small peak, assigned to sp 3 -bonded carbon, 
becomes sharper (Fig. 4b) and the peak position shifted to 


a lower frequency, from 1190 to 1120 cm \ with increasing 
HTT (Fig. 9). It has been reported that a broad peak 
at about 1250 cm“ could be attributed to amorphous sp - 
bonded carbon. 24 On the other hand, a shoulder or peak in 
the Raman spectra was often observed in the range 1100- 
1150 cm -1 and was assigned to nanocrystalline diamond (a 
few nanometers in size). 26 Therefore, it is suggested that the 
sp"-bonded carbon transforms from amorphous to nano¬ 
crystalline at a HTT range of above 1400°C. 

Peaks for sp -bonded carbon and a shoulder assigned to 
sp -bonded carbon were observed in the Raman spectra for 
carbonized wood. It has been reported that sp 3 -bonded car¬ 
bon is present in carbon black and wood charcoal. 3,18 It has 
also been suggested that the microstructure of nongraphitic 
carbon is made of sp - and sp -bonded carbon. ’ The 
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Fig. 9. Peak position of Raman sp 3 band for carbonized wood 


more disordered carbon crystallites than do other hard car¬ 
bons such as lignin. Thus, sp 3 -bonded carbon develops as 
cross-links in the microstructure of carbonized wood and 
disturbs the well-ordered structure of carbon crystallites 
even at high temperature. 

The development behavior of nanocrystalline sp 3 - 
bonded carbon was in good agreement with that of carbon 
crystallites for sp 2 -bonded carbon. When carbon crystallite 
growth occurs by the movement of groups of crystallites 
during heat treatment, high internal stresses due to high 
temperature and pressure conditions are exerted between 
adjacent carbon crystallites at their edges. High tempera¬ 
ture and pressure conditions lead to the formation of the 

o on 

crystalline structure of sp -bonded carbons. Therefore, 
it is suggested that the formation of nanocrystalline sp - 
bonded carbon is closely related to the development of 
carbon crystallites during heat treatment. 


Conclusions 
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Wood precarbonized at 700°C and subsequently heated to 
1800°C by pulse current heating was characterized by TEM, 
XRD, and micro-Raman spectroscopy. The XRD and TEM 
results proved that crystalline components of sp 2 -bonded 
carbon develop in carbon crystallites above 1400°C. 
Thus, the microstructure of carbonized wood changes dras¬ 
tically at about 1400°C. The Raman spectra of carbonized 
wood showed that part of its microstructure in the HTT 
range of 700°-1800°C consisted of a combination of sp 2 - and 
sp 3 -bonded carbon that is probably due to the highly disor¬ 
dered microstructure of carbonized wood. It is suggested 
that the sp 3 -bonded carbon is transformed from an amor¬ 
phous state to a nanocrystalline structure with the growth 
of polyaromatic stacks in a HTT range above 1400°C, which 
probably shows the development of rigid cross-linking be¬ 
tween the carbon crystallites. On the basis of the concerns 
mentioned above, the microstructure and the properties 
of carbonized wood could be controlled by adjusting the 
quantity of sp J -bonded carbon as cross-links of carbon 
crystallites. 


Fig. 10. Raman spectra of carbonized wood and lignin at 1800°C 

sp J -bonded carbon is closely related to the cross-linking 

'i 

between adjacent carbon crystallites. The orientation and 
growth of carbon crystallites were impeded by the cross- 
linking between them at temperatures as high as 2000°C. 14 
Oxygen-rich and hydrogen-poor carbon precursors such as 
wood form hard carbon due to the development of cross- 
linking at the early stages of carbonization. 27,28 The oxygen 
content of wood is much higher than that of other carbon 
precursors of hard carbons, which are rich in oxygen, such 
as lignin, polyfurfuryl alcohol, and phenolic polymers. 28,29 
The Raman spectrum of carbonized lignin at 1800°C showed 
sharp G and D bands and no sp 3 band, as seen in Fig. 10. 
The FWHM of the Raman G band of carbonized lignin at 
1800°C is 21 cm” , which means that carbonized wood has 
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